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Charm @LHCb: A broad programme
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G 60— T

> [ LHCb = Daa

< Y (b) —r ;
5 ot
g Wk ]
L"j 30:" ----- Comb. backg. ]
::'2 20:

=R

S 10

1850 1900
m(K*K u+u) [MeV/c?)

~

Upper limit at 90% confidence

Df = m=ptpt - (==
D} = mtutp e
Df — K- ptpt =
D} — Ktutp - e
DY — ™ ptet =
Df — ntetp™ =%
Df = ntute =
Df = K-ptet 4 =
D} —» Ktetp™ - =X
D} — Ktpte - [
D} —» metet K
Dj - mtete” - Preliminary ==
Df - K-etet !
D} — Ktete™ LHCb FEx]
1078 1077 1076 107°

J

2 October 2020



Charm @LHCb: A broad programme
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Charm @LHCb: A broad programme

RF7 See Dominik Mitzel’s talk This talk
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CPV in charm: the post-discovery era

discovery sensitivity

* More data gives more precision...
(Ostat = 3csyst)

4 I N (1 S— :
. . . . o F LHCb
Observation of CP violation in S 6000F + 3
2 5()0(’5_ Data
charm decays 54(“’. B
— < 4000¢ ]
AACP = (—154 + 29) x 10 4 :100()5— D("mh-bkg;‘
Inconsistent with CP symmetry at >50 level g 20001 ~44M
\_ J  Z 1000}
o :
— (J1 ol v v T v v T v v v
* Need full Run 1-2 sample to reach - Ii*L”Cb b
£
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z
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| n
I

- A i-
=1.5 -
KK
* SM or BSM? o Promet(KK) 3
2005 2010 2015

m(D"7*) [MeV/c)

= Must discover and measure CPV in other channels
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LHCb Upgrade-li
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CP violation snapshot

Two-
body

CPV in decay

AA,(D°—hh) and Ay(hh):

PRL 108 (2012) 111602
PLB 723 (2013) 33
JHEP 07 (2014) 041
PRL 116 (2016) 191601
PLB 767 (2017) 177
PRL 122 (2019) 211803

DO— K K°
JHEP 10 (2015) 055
JHEP 11 (2018) 048

Diy*=n'm*
PLB 771 (2017) 21

D(S)+_’K50h+

JHEP 06 (2013) 112
JHEP 10 (2014) 025
PRL 122 (2019) 191803

Ycr(hh):
PRL 122 (2019) 011802

Mixing-induced CPV

Ar(D°—hh):

JHEP 1204 (2012) 129 (KK), +ycp
PRL 112 (2014) 041801

JHEP 04 (2015) 043

PRL 118 (2017) 261803

PRD 101 (2020) 012005

WS DO—K*r:

PRL 110 (2013) 101802
PRL 111 (2013) 251801
PRD 95 (2017) 052004
PRD 97 (2018) 031101

D= K Kt nt, it
PLB 726 (2013) 623 (S¢p)
JHEP 10 (2014) 005 (T-odd)

Multi-
body

PLB 769 (2017) 345 (energy test)
JHEP 02 (2019) 126 (AmAn)

= *—pK-1t* (SCP, KNN)
arXiv:2006.03145 (2020)

Charm physics at LHCb

A= phth-
JHEP 03 (2018) 182

Mark Williams

D*—= K K*rt*

PRD 84 (2011) 112008
JHEP 06 (2013) 112
D=ttt

PLB 728 (2014) 585
Do—- i m°

PLB 740 (2015) 158

2 October 2020

DO— K ort
JHEP 04 (2016) 033 (model-indep)
PRL 122 (2019) 231802 (‘bin-flip)

DO Krmnm*
PRL 116 (2016) 241801

https://Ihcbproject.web.cern.ch/lhcbproject/
Publications/p/LHCb-PAPER-2015-057.html



https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2015-057.html

https://cds.cern.ch/record/2636441

FUture prOS pECtS: CPV in decay “Physics case for an LHCb Upgrade Il”

(1) AAc — individual K*K-/mt*it- asymmetries

Naively, Acp(KK) = —Acp(mtm)

Sample (£) Tag Yield Yield o(AAcp) o(Acp(hh))
D° SK-K+ D srnt (%] %] = |Acp| =8x104
Run 1-2 (9 fb~!)  Prompt 52M 17™ 0.03 0.07
Run 1-3 (23 fb~!)  Prompt 280M 94M 0.013 TR
Run 1-4 (50 fb~')  Prompt 1G 305M 0.01 0.03 COUId. reach 50 sensitivity
Run 1-5 (300 fb~!) Prompt 4.9G 1.6G 0.003 0.007 early in Run 5
N’
K-

Control modes to cancel nuisance asymmetries
(production and detection)

BKV

D+

D* N
Chee—0
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https://cds.cern.ch/record/2636441

FUture prOS pECtS: CPV in decay “Physics case for an LHCb Upgrade Il”

(1) AAc — individual K*K-/mt*it- asymmetries

Naively, Acp(KK) = =Acp(mum)

Sample (£) Tag Yield Yield o(AAcp) o(Acp(hh))
D° SK-K+ D srnt (%] %] = |Acp| =8x104
Run 1-2 (9 fb~!)  Prompt 52M 17™ 0.03 0.07
Run 1-3 (23 fb~!)  Prompt 280M 94M 0.013 TR
Run 1-4 (50 fb~')  Prompt 1G 305M 0.01 0.03 Could reach 50 sensitivity
Run 1-5 (300 fb~!) Prompt 4.9G 1.6G 0.003 0.007 early in Run 5
N

Dominant uncertainties:

e Kinematic reweighting
= Also reduces effective yield

* Contamination from secondary charm pp—H,—H.
= Interplay between ability to suppress and understand residual effect

 Knowledge of detector material
= Need accurate model in simulation and/or new data-driven approaches

Charm physics at LHCb Mark Williams 2 October 2020 10
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https://cds.cern.ch/record/2636441

FUture prOS pECtS: CPV in decay “Physics case for an LHCb Upgrade Il”

(2) Other two-body channels

Channel Oitat [ACP] Ostat [ACP]
(Run 1-5) Latest
DO — KoK 28 x 10~ ~120x10™*  Projection for Run 1-2

DO — KOK™®  15x 10

DS = Kot 3.2x 107 17 x 10
-1
D* — KLK* 1.2 x10™* 6.1 x10* — 6‘8£b r ~N
N P E— (70% of Run 1-2) + ongoing Acp measurements
* * .6 x10° .0x10° .
" — with Run 1-2 data for:
D = nmt  3.2x10" 36 x 107 3fb~! (Run 1) * Diy* = h®h* [hO: it%,n]
e DO Vy|[V:
L v [V: ,p] )

Run 3-5 will need:

- Improved triggers for K candidates

- Better neutral PID (e.g. y-nt° separation)

- Where possible, aligned selections between signal and control modes

Charm physics at LHCb Mark Williams 2 October 2020 11
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https://cds.cern.ch/record/2636441

FUture prOS pECtS: CPV in decay “Physics case for an LHCb Upgrade Il”

(3) Multibody final states

Search for ‘phase-space localised’” CPV driven by intermediate resonances
= Successful in B sector, e.g. B*— 't

Range of techniques being used in LHCb, with different strengths

/Simple statistical tests
e.g. binned asymmetry,
Nearest-neighbour,
Miranda method, Energy Test

¢ 4

Amplitude analysis:\
Incorporate phase
variation in fit to data

& . %

& Simpler >

Qa (Y
® 3

More informative

/

Charm physics at LHCb Mark Williams 2 October 2020 12
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https://cds.cern.ch/record/2636441
“Physics case for an LHCb Upgrade Il”

Future prospects: CPV in decay

(3) Multibody final states

Amplitude analysis example (D*—=nmt'n*): resonant channel 9fb~! 23fb~T 50fb~T 300fb !

50 sensitivity bounds on the phase fo(500)m 030 013 0083  0.032

diff o) £ . p° (7707 0.50  0.22 0.14 0.054
ifference (°) for main resonances £,(1270)7 10 045 0.98 0.11

R (partial wave) 9fb~' 23fb~' 50fb~! 300fb~"

‘Energy Test’ example (D°—mmrnmt): a1— por (S) 14% 0.6% 04%  017%

30 sensitivity bounds on magnitude and ar— pr (S) 0.8° 0.35° 024°  0.10°
hase difference for main resonances po (D) LA% 06% 04% 0.17%

P 29 (P) 0.8° 0.35° 024°  0.10°

Future Control 0\{er nuisance Improved

needs: asymmetries to trust p-values

amplitude models

Methods which scale to very large data samples (e.g. GPUs),
or clever techniques to reduce computation (e.g. arXiv:1801.05222)

Charm physics at LHCb Mark Williams 2 October 2020 13
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Charm mixing and mixing-induced CPV

Next major discovery in charm (after AA¢p) could be mixing-induced CPV
= Big challenge as mixing is so highly suppressed

Also yet to confirm non-zero mass difference (=x) at 5o level

S A CPV allowed 7 40 Bio
> 1| moriond 2019 (] Moriond 2019 29
(o)) 30 30
o 3y 40
i S ]
0.8 : = - B50
i £ 20¢
{ o L
0.6 — Z 10)
0.4 - : 0/
0.2 -1 :
i Hio -20
0 20
i 30 -30
-0. 40 -
;l 11 L1 | L1 1 L1 | L1 1 ||.50 _4_11I1I11I1I1111IIIII11111::::11:1
-0.2 0 02 04 06 038 1 -04 -03 -02 -01 0 01 02 03 04
x (%) lg/pl-1

https://hflav-eos.web.cern.ch/hflav-eos/charm/
Charm physics at LHCb Mark Williams 2 October 2020 14
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Charm mixing and mixing-induced CPV

(1) Wrong-sign D°—K*m-
Mixing discovery mode, sensitive to CPV in
mixing & interference (q/p) and in decay (Ap)

DCS
(Vcd*vus)

Currently: Ostat = 20syst

Leading systematics:
= Flavour tagging (D*)

= Secondary charm contamination

Sample (£) Yield (x10°)  o(2’%,) o(Yx.) o(Ap) o(lg/pl) o(9)
Run 1-2 (9fb~ 1) 1.8 1.5x107° 29x10™* 0.51%  0.12 10°
Run 1-3 (23fb™ 1) 10 6.4x107% 1.2x107* 0.22%  0.05 4°
Run 14 (50fb™1) 25 39x107% 76x107° 0.14%  0.03 3°
Run 1-5 (300fb~1) 170 1.5x107% 29x107°5 0.05%  0.01 1°

(Statistical uncertainties)

Charm physics at LHCb Mark Williams 2 October 2020 15



Charm mixing and mixing-induced CPV

_PRL 122 (2019) 231802
DCS +  LHCH
mixing

3FEL

(2) Golden mode D — KOrt*m-

DCS

o (Vee™Vi) D
o e

@ SCS @

m2 [GeV?/c4]
N
(9]

&
o
Candidates per (4.5 MeV?/c*)?

llllllllllllllllllllllll

Illlllllllllllllllll

0.5 1 1.5 2 2.5 3
m2 [GeV?/c*]

Latest results (Run 1) Ostat = (3—4)* Ogyst

Time- and phase-space S I Comevoitmense ppen] | Commvonimenes 1y, |
dependent analysis = 9L 3 + tis measuromen LHCD 1 05F 77 + this measurement LHCb _

0.8—— -1
Model-independent (using 071 ’
input from CLEO / BESIII) F ]
or amplitude analysis oab _

-0.2 0 0.2 04 0.6 0.8 1
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Charm mixing and mixing-induced CPV

(2) Golden mode D? — K°rt*r-

Both promptly produced charm (D**-tagged)
(VDS\S; ) and from secondary B hadron decays (p-tagged)
cd Vus @
@ \ Major systematics:
» Detector acceptance / correlations

@ @ * Mistagged component (p-tagged)
CF a ; ; *+
@ * Secondary contamination (D**-tagged)
/ * Precision of strong phase inputs (for model-

SCS independent approach)
@_@ * Choice of model (amplitude analysis)

Sample (lumi £) Tag Yield o(x) o(y) o(lg/p]) o(o) u
SL 1M 007% 0.05% 007  4.6° All systematics are reducible,
Prompt  36M ~ 0.05% ~ 0.05%  0.04 1.8 but will take care and effort.
SL 33M  0.036% 0.030%  0.036 2.5°
Prompt 200M 0.020% 0.020% 0.017  0.77°

SL 78M  0.024% 0.019%  0.024  1.7° Some reliance on simulation —

Prompt 520M 0.012% 0.013%  0.011  0.48 need to ensure access to |arge
SL 490M  0.009% 0.008% 0.009  0.69°

Prompt 3500M 0.005% 0.005%  0.004 0.18° and realistic samples

Run 1-2 (9 fb~1)
Run 1-3 (23 fb~1)
Run 1-4 (50 fb~1)

Run 1-5 (300 fb~1)

Charm physics at LHCb Mark Williams 2 October 2020 17



Charm mixing and mixing-induced CPV

(3) Time-dependent CPV: A (D°—h*h")

Most precise constraint on time-
dependent CPV in charm (Run 1-2):

Ar=(-2.9+2.0+0.6) x 10~

Ay (1) [%]

Major systematics controlled by CF control channel in the same data [D°— K 1t*]
= Stat limited for foreseeable future

Sample (L) Tag | Yield KTK~ o(Ar) | Yield #*n~  o(Ar)
Run 1-2 (9 fb~1) Prompt 60M 0.013% 18M 0.024%
Run 1-3 (23 fb~!)  Prompt 310M 0.0056% 92M 0.0104 %
Run 1-4 (50 fb=!)  Prompt 793M 0.0035% 236M 0.0065 %
Run 1-5 (300 fb~!) Prompt 5.3G 0.0014% 1.6G 0.0025 %

Charm physics at LHCb Mark Williams 2 October 2020 18



(Not a) Summary

| didn’t discuss:

e CPVin baryons

 Amplitude analyses — crucial input on QCD and nature of light states
* Lepton non-universality — just starting to explore in SL charm at LHCb
* Measurements of BRs, masses, lifetimes...

* Doubly-charmed baryons

Key developments to watch in LHCb Run 3:
A new detector. Better vertexing, tracking, and particle ID.
* Expanded use of Turbo trigger. Custom exclusive lines, custom persistence.

* More fast simulation (e.g. ReDecay, SplitSim) to save resources without sacrificing realism.

Thanks for your time

Charm physics at LHCb Mark Williams 2 October 2020 19



Charm mixing and mixing-induced CPV

(1a) Wrong-sign DO K*rt i

Multibody extension of WS DO—K*mt~

= offers even higher sensitivity to CPV

= exploit strong phase variation over 5D PhSp

@ (Vcd Vus)
But more challenging
= Model / constrain strong phase variation
= Control efficiency variation over phase

space and decay time (correlated)
@I ' % Proof-of-principle analyses with Run 2 data

NOw in progress

Sample (£) Yield (x10°)  0(#knnn)  0Wicnnn)  o(la/p)) o(9)
Run 1-2 (9fb 1) 0.22 2.3x107% 23x107* 0.020 1.2°
Run 1-3 (23 b ) 1.29 0.9x107% 09x10* 0.008 0.5°
Run 14 (50fb™ 1) 3.36 0.6x107* 0.6x10"%* 0.005 0.3°
Run 1-5 (300fb~1) 22.5 02x107* 02x107* 0.002 0.1°

(Statistical uncertainties)

Charm physics at LHCb Mark Williams 2 October 2020 20



